A considerable body of evidence supports the prediction that males should increase their expenditure on the ejaculate in response to sperm competition risk. The prediction that they should reduce their expenditure with increasing sperm competition intensity is less well supported. Moreover, most studies have documented plasticity in sperm numbers. Here we show that male crickets Teleogryllus oceanicus exhibit reduced seminal fluid gene expression and accessory gland mass in response to elevated sperm competition intensity. Together with previous research, our findings suggest that strategic adjustments in seminal fluid composition contribute to competitive fertilization success in this species.
Introduction
Sperm competition theory predicts that males should increase their allocation of resources to the ejaculate when faced with an immediate risk of sperm competition (the probability that a female will mate with one other male), but reduce their allocation when the intensity of sperm competition (the number of males competing for a given clutch of eggs) is increased [1] . There is now considerable evidence that males do increase the number of sperm in their ejaculate in response to increased risk, but evidence that they reduce the number of sperm in response to increasing intensity of sperm competition is equivocal [2] . Moreover, the ejaculate consists of both sperm and seminal fluid, but research on strategic allocation to seminal fluid is scant [3] .
Seminal fluid is composed of a cocktail of proteins involved in male fertility [4] , and recent theoretical models predict that males should also adjust the seminal fluid fraction of their ejaculate in response to sperm competition, if seminal fluid proteins (sfps) affect fertilization capacity [5, 6] . Work with Drosophila melanogaster suggests that males may indeed have the capacity to tailor the composition of their seminal fluids to the current mating situation; males transfer less ovulin to previously mated females [7, 8] . This makes adaptive sense in that ovulin triggers the onset of oviposition in previously unmated females, which would be unnecessary for females that have already mated. Moreover, male D. melanogaster exposed to rivals prior to mating have a decreased expression of Acp26a, the gene responsible for ovulin production [9, 10] . In house mice, Mus musculus, males exposed to the scent of rivals during their development have an increased abundance of several sfps in their seminal vesicles, suggesting that they may increase allocation of resources to seminal fluid production in response to sperm competition risk [11] . A recent study of field crickets, Teleogryllus oceanicus, found increased expression of seven sfp genes in males exposed to the calls of rivals during their egg to adult development [12] .
Male T. oceanicus make fine scale adjustments to their ejaculates in response to both risk and intensity of sperm competition. Males exposed to rivals or their acoustic signals prior to mating produce ejaculates with a greater proportion of viable sperm [13, 14] , consistent with the general finding that males increase their expenditure on the ejaculate in response to sperm competition risk. At least one sfp, ToSfp011, promotes sperm viability [15] , which in turn contributes to competitive fertilization success [16] . The expression of this sfp gene is increased in the accessory glands of males exposed to sperm competition risk [12] , a finding that is predicted for sfps that affect fertilization capacity [5, 6] . Manipulation of male perceptions of sperm competition intensity, by exposing them to previously mated females [14] , or perfuming females with the cuticular hydrocarbons of increasing numbers of rival males [17] , has the effect of decreasing the proportion of viable sperm. Here, we manipulated male perceptions of sperm competition intensity to ask whether these effects might be explained by reductions in male expenditure on the sfps that affect sperm viability.
Methods (a) Social manipulation
We adapted a social manipulation in which males were shown to decrease the viability of their sperm when exposed to increased intensity of sperm competition [14] . Male crickets were drawn from a large outbred laboratory stock. Fifty newly emerged adults were isolated in individual boxes (7 Â 7 Â 5 cm) containing a plastic barrier placed diagonally across the centre. Males were placed on one side of the barrier, which had a grid of 5-mm diameter holes, spaced 5 mm apart, that allowed them to make physical contact with crickets placed on the opposite side. Males were provided with access to cat chow and water and divided equally across two treatment groups: (1) no sperm competition and (2) high sperm competition intensity.
Crickets were held in two constant temperature rooms set at 258C and with a 12 h light : 12 h dark cycle. In the room containing the high intensity treatment, rival calls were broadcast constantly from speakers placed adjacent to the boxes that housed individual males. The room containing the nocompetition treatment was maintained in silence. Treatments were switched between rooms mid-way through the experiment to avoid potential room effects, although no such room effects have been found previously [13] . Males were exposed to a series of social encounters 10 -13 days following their adult moult. Thus, in the high intensity treatment a random sexually active adult male was drawn haphazardly from the stock population and placed on the opposite side of the barrier to the experimental male and the pair left to interact for 60 min. The rival was then removed and the experimental male left alone for 30 min. This cycle of interactions was repeated three times. Following the removal of the rival for the third time, the central barrier was also removed and a single multiply-mated adult female, drawn haphazardly from the stock culture, was introduced and the pair allowed to mate. Males have been found to recognize the cuticular hydrocarbons of rivals on mated females and reduce their sperm viability in response [17, 18] . In the nocompetition treatment, males were exposed to a virgin female during their social interactions, and provided with a virgin female for mating. Social interactions were repeated daily for 3 days. On the third day following their social interactions males were frozen.
(b) Gene expression assays
Males were thawed, their pronotum widths measured using digital calipers and their accessory glands dissected, weighed, and stored in RNAlater solution (all consumable products from Thermo Fisher Scientific) over night at 48C before being transferred to 2208C. RNA from the whole accessory gland was extracted using the PureLink RNA mini kit according to the manufacturer's instructions. Tissue was disrupted using a pestle and homogenizer, and an on-column PureLink DNase treatment was used to remove DNA. RNA was eluted into 50 ml and concentrations were determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). Concentrations ranged between 442 and 2243 mg ml 21 of RNA per sample. RNA integrity was assessed using denaturing RNA electrophoresis in TAE buffer [19] and all RNA samples were stored at 2808C.
A high capacity RNA-to-cDNA kit was used according to the manufacturer's instructions to convert 2 mg of RNA per sample to cDNA in a total reaction volume of 20 ml, followed by storage at 2208C. We assayed the expression of 11 sfp genes using actin as the reference gene, following the procedures detailed elsewhere [11] and summarized in the electronic supplementary material. Gene expression assays were run in triplicate for each gene of interest and actin, along with negative controls (cDNA absent). Samples were prepared in the same way and run under the same conditions as standards. Results 
Results
To test for differences between treatments in the levels of gene expression, data for all 11 genes were analysed in a single multivariate analysis of variance (MANOVA). There was a significant effect of the social manipulation on gene expression (F 1,48 ¼ 5.71, p ¼ 0.021). Males in the high sperm competition intensity treatment had reduced seminal fluid gene expression compared with males in the no-competition treatment (figure 1). Post hoc univariate tests revealed six sfp genes that had reductions in their expression (table 1) .
There was a significant effect of social manipulation ( 
Discussion
Previously, male T. oceanicus were found to decrease the quality of their ejaculates in response to manipulations of sperm competition intensity, reducing the viability of sperm when mating with multiply mated females [14] or virgin females perfumed with the cuticular hydrocarbons of multiple males [17] . Here we show that males exposed to a high intensity of sperm competition have both reduced accessory gland weights and reduced gene expression across 11 sfp genes, with six of these genes showing significant reductions in expression in univariate analyses.
The reduced accessory gland weights of males in the high intensity treatment could reflect the reduced sfp production and storage by these males. Conversely, reductions in accessory gland weight might result in reduced sfp gene expression. We are unable to confirm cause and effect at this level of our analysis. Whatever the direction of causation, however, decreased sfp gene expression is indicative of decreased protein production. While our data cannot provide evidence of decreased allocation of these proteins to ejaculates, previous work has shown that the levels of sfp gene expression are correlated with the abundance of proteins in whole ejaculates [21] .
Our study provides a replication of previous work with this species that described socially cued changes in sfp gene expression in response to the sperm competition environment [12] . In that previous study, males were exposed to variation in the risk of sperm competition by manipulating their perception of the sexual calls of rival males. Consistent with risk models [1] , males exposed to rival calls showed increased expression of seven sfp genes [12] . The genes downregulated in response to sperm competition intensity in the current study were among the genes found to be upregulated in response to sperm competition risk [12] . Among these sfp genes, reduced expressions of ToSfp001 and ToSfp011 have both been found through RNA interference to reduce sperm viability [12] and are likely, at least in part, to be responsible for the socially mediated adjustments in sperm viability found in this species when males experience variation in both risk and intensity of sperm competition [13, 14, 17, 18] .
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